The mixture behavior and microwave dielectric properties of TiO 2 doped with CuO sintered at around 900
Introduction
Technology improvements in dielectric resonators have contributed to recent advancements in microwave wireless communications. Currently, a wide variety of ceramic materials are in development or being used as microwave resonators. Among the various ceramic materials, high-K dielectrics that exhibit ferroelectricity have unacceptably high losses because of domain wall motion. For the materials used in dielectric resonators, high dielectric constant, low loss and a small temperature coefficient of resonant frequency are needed. TiO 2 has a large temperature coefficient of resonant frequency (τ f ), 465 ppm/
• C. 1) However, it does possess a high dielectric constant (ε r ) and high quality factor, 105, and 9200 at 5 GHz, respectively. Previously, ceramics containing TiO 2 were prepared as temperature-stable or temperature-compensated dielectrics. [1] [2] [3] But most dielectric materials are sintered at temperatures above 1250
• C. More recently, chip-type microwave components have been investigated in an attempt to miniaturize resonant devices. In multilayer structures, it is necessary to lower the sintering temperature of the dielectrics in order to co-fire them with low resistivity conductors such as silver electrodes, with a melting point of 961
• C, instead of ternary (Pt:Pd:Au) or high Pd/low Ag electrodes.
In the past, oxides were added as flux materials in order to lower the sintering temperature. For example, V 2 O 5 , Bi 2 O 3 , and glass compositions with low melting point have been used as flux formers. [4] [5] [6] [7] [8] [9] [10] It was also reported that CuO can lower the sintering temperature in the BiNbO 4 and (Ba 1−x Sr x )(Ti 0.9 Zr 0.1 )O 3 system. 5, 11) In our previous report, it was found that the addition of CuO to TiO 2 significantly lowered the sintering temperature to ∼900
• C. 12) Unfortunately, this low-firing characteristic may be accompanied by a significant decrease in dielectric properties. 11) We observed that the low-fired, doped TiO 2 was a mixture of rutile and CuO. From the dielectric properties of CuO, appropriate mixing relation equations were obtained. The purpose of this study was to gain insight into the microwave dielectric property variations of low-fired TiO 2 reHewlett Packard, USA) in the frequency range of 5-8 GHz. The quality factor was measured using the transmission cavity method using a Cu cavity and a Teflon supporter.
13) The relative dielectric constant (ε r ) was measured using the post resonator method 14) and the temperature coefficient of the resonant frequency was measured using an Invar cavity in the temperature range of 20 to 80
• C. 15) CuO pellets for dielectric property measurements, were sintered at 1000
• C for 2 h, and then electroded with silver. The capacitance and tan δ were measured between 100 Hz and 40 MHz in the temperature range of 20 to 100
• C using an impedance/gain-phase analyzer (Model HP 4194A, Hewlett Packard, USA). Figure 1 shows X-ray powder diffraction (XRD) patterns of rutile phase TiO 2 -CuO mixtures, and anatase samples doped with 0 to 8 wt%CuO and sintered at 900
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• C for 2 h. In our previous work, it was confirmed that all samples having more sulting from the addition of CuO.
Experimental
The starting materials were reagent-grade anatase (Merck, Germany) and CuO powder (High Purity Chemical Lab., Japan). The powders were ball-milled in a polyethylene bottle with ZrO 2 balls for 24 h using distilled water as a medium. The milled powders were dried, granulated, and pressed at 1,000 kg/cm 2 to form pellets with 10 mm in diameter and 4 mm thick. The pellets were sintered at 875-950
• C for 2 h with heating and cooling rates of 5
• C/min. The bulk density of the sintered samples was determined by the Archimedes method.
The quantitative analysis of rutile and CuO mixtures was completed using X-ray powder diffraction (Model M18XHF, Macscience Instruments, Japan) in the 2θ range of 34
• to 40
• . Measured data was deconvoluted into single waveforms. Integral intensities of the rutile (101) and CuO (111) reflections were measured by counting the total area under the deconvoluted peak and then subtracting the background.
Microwave dielectric properties of sintered samples were measured using a network analyzer (Model HP8720C, than 0.5 wt%CuO transformed into rutile and no secondary phases other than CuO were detected in any of the samples. Shannon et al. also reported that X-ray analyses of mixtures of 1% and 30%CuO indicated no trace of any secondary phases. 16) Blumenthal et al. studied the phase equilibria of the titanium-oxygen system within the TiO 1.95 -TiO 2 region from emf measurements.
17) It was suggested that for electrode compositions with O/Ti ratios between about 1.998 and 1.992, the cell emf was a function of specimen composition, signifying the existence of a single-phase region of nonstoichiometric rutile. It is assumed that in CuO doped TiO 2 , the single phase region extends to the same oxygen content as Ti 1−x Cu x O 2−2x , and the maximum amount of copper in solid solution corresponds to Ti 0.996 Cu 0.004 O 1.992 . 16, 18) Therefore, additions of CuO greater than 0.5 wt% (the weight and mole percentage of CuO and TiO 2 are nearly equal) cause a peak associated with CuO, as shown in Fig. 1 .
For mixed and sintered samples, the relative integrated intensities of the rutile (101) and CuO (111) peaks were plotted as a function of CuO content in Fig. 2 . The relative integrated intensities of the sintered samples are nearly equal to those of the mixture samples. From these results, low-fired, doped TiO 2 samples were mixtures of rutile phase TiO 2 and CuO, with no observable formation of the secondary phase as a result of interactions between TiO 2 and CuO. Figure 3 shows the relative dielectric constant of low-fired TiO 2 as a function of CuO content. The sintered density of low-fired TiO 2 was a maximum when 2 wt% of CuO was added.
Mixture behavior dependence of microwave dielectric properties 3.2.1 Relative dielectric constant
12) It was suggested that a correlation between the sinterability and relative dielectric constant might exist. The relative dielectric constant of samples with 2 wt%CuO reached 98 and 102, sintered at 925 and 950
• C, respectively. TiO 2 has a large dielectric constant of 105 at 5 GHz.
1) In our present study, the dielectric constant of TiO 2 sintered at 1400
• C for 2 h was 104 at 6 GHz. However, the dielectric constant of CuO sintered at 1000
• C was not measured in the microwave range, since CuO samples were very lossy, and thus the resonant frequency, which is needed for the post resonator method, was obscured. 14) It was reported that the dielectric constant of CuO was 18.1 at 1 MHz. 19) The relative dielectric constant of CuO sintered at 1000
• C for 2 h measured in the frequency range of 100 Hz-40 MHz is shown in Fig. 4 . CuO had a very low ε r value, 11.2 at 10 MHz. There is a considerable body of literature on equations predicting the dielectric constant of a mixture. The following Maxwell-Wagner's equation is the most wellknown general empirical equation for the calculation of the dielectric constant of a compound: 20) • C for 2 h. The dielectric constant curves calculated by the serial, parallel and logarithmic mixing models were also plotted. Wakino et al. suggested that in the high concentration range of the higher dielectric constant material, the simulated value of the dielectric constant showed a 'parallel model'-like tendency. 21) In the TiO 2 -rich range, where there was a higher dielectric constant, rather than in the lower dielectric CuO-rich region, however, the ε r exhibited results that scaled best with the logarithmic mixing model. Therefore, the ε r of low-fired TiO 2 with CuO is best predicted by the logarithmic mixing model. Here, it is also worthy to note that the low-fired, CuO doped TiO 2 had a large ε r , greater than 90. Figure 6 shows the Q value, the quality factor (Q × f ), and the temperature coefficient of resonant frequency (τ f ) of TiO 2 sintered at 925
Quality factor and temperature coefficient of resonant frequency
• C for 2 h as a function of CuO content. The quality factor was 16400 (Q value of 2520 at 6.5 GHz), with the addition of 1 wt%CuO. However, additions of greater than 1 wt% of CuO caused a decrease in the quality factor. The quality factor is affected by extrinsic factors such as defect concentration, impurities, grain size, and porosity. 22) Figure 7 shows the dielectric loss tangent (tan δ) of CuO sintered at 1000
• C for 2 h measured in the frequency range of 100 Hz-40 MHz. At 1 MHz, the tan δ of CuO was 0.014. Here, Q, which is the reciprocal of tan δ, was about 70. Therefore, a decrease in the quality factor of low-fired TiO 2 was primarily the result of mixing with CuO, which has a large dielectric loss.
The τ f of TiO 2 doped with CuO is also shown in Fig. 6 . Increasing the dopant levels of CuO greater than 1 wt% causes a decrease in τ f . Figure 8 shows the temperature dependent capacitance for CuO sintered at 1000
• C for 2 h. It can be seen from the figure that the temperature coefficient of capacitance (TCC) of CuO is around 210 ppm/
• C. The capacitance (C) of a parallel plate capacitor, ignoring fringing effects etc. is ferentiation of eq. (2), assuming an isotropic dielectric, gives 1 C
where α is the coefficient of linear thermal expansion. 23) τ f is also related to the thermal expansion coefficient and τ ε as follows: 24) 
α of microwave dielectrics is known to be in the range of 10 ppm/ • C. From eqs. (3) and (4), the calculated τ f of CuO is about −110 ppm/
• C. Since CuO has a negative temperature coefficient, the τ f of low-fired, CuO doped TiO 2 decreases with an increasing CuO content. The low-fired TiO 2 with
where A is area and h is the separation of the electrodes. Dif- portantly, the ε r of low-fired, CuO doped TiO 2 could be predicted by a logarithmic mixing model. Thus, the microwave dielectric properties of low-fired, CuO doped TiO 2 exhibited a good correlation with the mixture behavior of TiO 2 and CuO.
2%CuO had a quality factor of 14000, relative dielectric constant of 98, and temperature coefficient of resonant frequency of 374 ppm/ • C. From these results it can be observed that low-fired, doped TiO 2 , a mixture of TiO 2 and CuO, has microwave dielectric properties that show a dependence on the mixture behavior.
Fukuda et al. examined the mixing relation for microwave dielectric properties in the TiO 2 -Bi 2 Ti 4 O 11 system. 1) Considering that dielectric loss is an additive quantity, they obtained the following relation for Q as a semi-empirical model:
where Q 1 and Q 2 are the Q values of the two components and Q is the resultant Q value of the mixture. To calculate the τ f of mixtures, a empirical model was proposed as follows:
where τ f1 and τ f2 are the temperature coefficient of the two components and τ f, mixture is the resultant temperature coefficient of mixture. In Fig. 6 , the Q value and τ f were also calculated from the mixing relation eqs. (5) and (6) . The measured values agree well with the calculated values for CuO additions greater than 2 wt%, but deviate considerably from the calculated values for smaller additions of CuO. This trend was also observed for the relative dielectric constant, as shown in Fig. 5 . In the previous section, it was suggested that CuO could achieve up to 0.4 wt% solid solution in TiO 2 . For small additions, deviations from the mixture relations were attributed to the solubility of CuO. In the TiO 2 -CuO system, it is concluded that low-firing samples with less than 1 wt%CuO were affected by solubility, but the microwave dielectric properties can be well explained by the appropriate mixing relation.
Conclusion
Low-fired TiO 2 doped with 2%CuO had a quality factor of 14000, relative dielectric constant (ε r ) of 98, and temperature coefficient of resonant frequency (τ f ) of 374 ppm/
• C. It was observed that low-fired TiO 2 samples containing 0.4 wt%CuO (above the solubility limit), were a mixture composition of TiO 2 and CuO, with no observable secondary phases. The microwave dielectric properties of low-fired, CuO doped TiO 2 could be understood with consideration of the dielectric properties of CuO: ε r and Q of 11.2 and 70 at 10 MHz, respectively, and τ f of −110 ppm/
• C. Therefore, a decrease in the quality factor and τ f in low-fired, CuO doped TiO 2 , was a result of the mixture formation with CuO, which has a large dielectric loss and negative temperature coefficient. More im-
